Overlapping surgery, in which more than 1 procedure performed by the same primary surgeon is scheduled so the start time of one procedure overlaps with the end time of another, is of concern because of potential adverse outcomes.
O verlapping surgery refers to a situation in which more than 1 procedure performed by the same primary surgeon is scheduled so the timing of the start of one procedure overlaps with the timing of the end of another procedure.
1 Typically, trainees or nonphysician clinicians perform the less complicated portions of a procedure, while the primary surgeon moves between cases to perform the critical portions of the operations. A related concept, concurrent surgery, refers to situations in which the critical parts of operations occur during the same time. [1] [2] [3] There is concern that overlapping surgery may be associated with adverse patient outcomes. [3] [4] [5] For example, surgeons may less effectively address complications because they are absent at a crucial time.
To date, most studies have found no association between overlapping surgery and patient outcomes. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Prior studies have limitations, however. These include analyzing outcomes at single institutions and focusing on narrow sets of procedures, 6, 7, 9, 10, 15 which limit statistical power and generalizability; not accounting for differences between surgeons who do and do not perform overlapping surgery, 6, 7, [9] [10] [11] [12] 15 which may bias findings toward the null if surgeons who perform overlapping procedures are more experienced or select lower-risk cases; examining an inaccurate measure of overlap by only considering operations recorded in procedure-specific registries, rather than all operations performed with overlap by the same surgeon, which would undercount overlapping cases 11, 12 ; and defining overlapping surgery as having any overlap, no matter how small (eg, 1 minute), which may bias analyses toward finding no relationship between overlapping surgery and patient outcomes (ie, a bias toward a null funding if cases with very small overlap are unlikely to be associated with poorer outcomes).
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Using a multicenter registry of operations, this study examined associations between overlapping surgery and inhospital mortality, in-hospital postoperative complications, and length of surgery. The registry contained comprehensive information for all operations performed by a given surgeon, allowing comparisons between outcomes for overlapping and nonoverlapping operations of the same type.
Methods

Data
The Multicenter Perioperative Outcomes Group (MPOG [http:// mpog.org]) is an electronic health record registry of all surgical and diagnostic procedures requiring anesthesia care from more than 50 hospitals across 18 states and 2 countries (the United States and the Netherlands). The registry has received approval from the institutional review board at the University of Michigan and contributing centers, and analysis of the data set for this study was deemed exempt from human subjects review and requirement of consent.
For each case, MPOG contains information on surgical start and stop times (corresponding to incision and completion of surgical closure), an encrypted attending surgeon identifier, in-hospital mortality, a text descriptor of the surgery, and
International Classification of Diseases, Ninth Revision/ International Statistical Classification of Diseases and Related
Health Problems, Tenth Revision diagnosis codes from the discharge abstract, allowing for risk adjustment and outcome measurement. Extensive steps are taken to ensure the accuracy of the data submitted to MPOG. For example, data must satisfy an array of quality diagnostics before the data can be used by researchers, and every month a sample of cases (≈20) submitted to MPOG from a given institution is reviewed by a clinician or data abstractor located at the submitting institution. The data are available to researchers after submission and approval of a draft research proposal. MPOG data have been used in several perioperative outcome studies.
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Sample
The study used a sample of patients aged 18 to 90 years who underwent 1 of 7 procedures between January 1, 2010, and May 31, 2018: total knee or hip arthroplasty; lumbar, thoracic, or cervical spine surgery; coronary artery bypass graft (CABG) surgery; or craniotomy. These procedures were chosen because they are commonly performed and the incidence of overlapping surgery is thought to be particularly high for these operations (see eAppendix 1 in the Supplement for description of how operations were identified). Patients could be included in the sample more than once if they underwent multiple operations during this period. Because many MPOG institutions do not consistently report discharge diagnosis codes, the analysis was restricted to 8 US institutions that consistently did so (defined as having codes present for >70% of cases) and that also reported mortality data.
The following exclusion criteria were also applied. Observations with missing data on discharge, mortality, surgery duration, or patient sex were excluded. Cases in which the American Society of Anesthesiologists Physical Status (ASAPS) classification system score was missing or equal to 6 (signifying an organ harvest patient) and cases composed of more than 1 surgery type were also excluded. Last, because the statistical approach relied on exposure of patients to overlapping or nonoverlapping operations performed by the same surgeon, surgeon-procedure combinations with fewer than 20 observations were excluded.
Exposure
A given case was defined as overlapping with other cases if the surgery start and end time overlapped with at least 1 other operation (of any type) performed by the same surgeon for at least 60 minutes. For cases less than 60 minutes in surgical duration (ie, difference between surgery end and start times <60 minutes), overlap was defined as having a start and end time that overlapped for the entirety of the other case. 11, 12 Thus, the control group consisted of cases with no overlap as well as cases lasting longer than 60 minutes that had overlap of less than 59 minutes with another case. In constructing the overlap measure, the analysis included overlap with any case present in the data, not simply those cases meeting the inclusion and exclusion criteria.
Outcomes
The primary outcomes were in-hospital mortality, the occurrence of an in-hospital postoperative surgical complication, and duration of the surgery. In-hospital mortality was obtained from data provided to MPOG by the member institution. Postoperative complications were defined as the occurrence of any of the following during the hospitalization, based on the presence of discharge diagnosis codes [23] [24] [25] : surgical site infection or urinary tract infection (which were categorized as minor complications) and pneumonia, sepsis, thromboembolic event (deep venous thrombosis or pulmonary embolism), stroke, or myocardial infarction (which were classified as major complications). Specific diagnosis codes are provided in eTable 1 in the Supplement.
Additional Variables
Several additional variables, which are directly reported to MPOG, were included to adjust for potential confounders: patient age and sex, year of surgery, day of surgery, hour of surgery, and ASAPS score. The ASAPS is a score reported by the attending anesthesiologist that serves as a summary measure of the patient's health status. Organ donors (excluded from the study) receive a score of 6. Otherwise, the score ranges from 1 (healthy patient) to 5 (moribund patient unlikely to survive without surgery), with the letter "E" used to identify procedures for an emergent indication (eg, "1E" indicates a healthy patient undergoing emergency surgery). In addition, discharge diagnosis codes reported to MPOG were used to identify the presence of comorbidities included in the Elixhauser Index (Table 1) .
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Statistical Analyses
Comparisons of outcomes between overlapping and nonoverlapping cases may also be confounded by unobserved differences across surgeons in technique, skill, experience, and patient populations. For example, surgeons who perform overlapping procedures may be more experienced than those who do not, or they may preferentially choose to center their practice on lower-risk cases that would be more appropriate for overlapping surgery. To address this, multivariable models were estimated that included surgeon-procedure fixed effects. This approach estimated the association between overlapping scheduling and outcomes by comparing outcomes of a given surgeon's overlapping and nonoverlapping operations of the same type. For example, the study would compare outcomes between a given surgeon's hip replacements performed with overlap against the same surgeon's hip replacements performed without overlap. For each outcome, multivariable linear regressions were estimated in which the independent variable of interest was whether the case met the definition of overlap. Additional covariates included surgeon-procedure fixed effects (the surgeonprocedure pair) and the patient and surgery characteristics described above. Although in-hospital mortality and postoperative complications were binary outcomes, the study estimated linear probability models rather than logistic models for 2 reasons.
27-29 First, because of the large number of fixed effects
(1 for each surgeon-procedure pair), the maximum likelihood algorithm for logistic regression failed to converge. 30 Second, fixed effects in nonlinear models can lead to biased estimates.
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All analyses were performed using standard commands (ie, reg and areg) in Stata version 14.0 (StataCorp), and 2-sided P values were used to assess statistical significance, with a threshold of .05 or less.
Subgroup Analyses
Two prespecified exploratory subgroup analyses were performed. First, statistical models in which the overlap variable (as well as all other variables in the regression model) was interacted with type of surgery were estimated to examine whether the association between overlap and outcomes differed across surgery type. Second, the study separately analyzed patients at high predicted risk for in-hospital mortality and complications, hypothesizing that surgical overlap may be associated with larger differences for these patients. A multivariable logistic regression was used to estimate the predicted probability of in-hospital death or in-hospital postoperative complications on the basis of age, sex, ASAPS score, and the comorbidities listed in Table 1 . High-risk patients were then defined as those in the top quartile in terms of predicted probability for either in-hospital death or postoperative complication (eAppendix 2 in the Supplement).
Sensitivity Analyses
The main statistical model reduced confounding by (1) adjusting for observable factors (eg, patient comorbidities) that could be associated with outcomes and (2) comparing outcomes for a given surgeon's overlapping and nonoverlapping cases of the same surgery type, as opposed to comparing outcomes across surgeons, hospitals, or procedure types, assuming that patients undergoing the same type of surgery from the same surgeon, eg, hip replacement, have similar characteristics. However, this approach could be confounded if this assumption did not hold, for example, if surgeons preferentially choose to schedule lower-risk or less complex cases with overlap. This issue was addressed through several post hoc sensitivity analyses.
First, regression analysis was used to examine whether the distribution of observable patient characteristics was different between overlapping and nonoverlapping cases within surgeonprocedure pairs (eAppendix 3 in the Supplement), with the reasoning that similarity in a large set of observable patient factors between overlapping and nonoverlapping cases (within surgeon-procedure pairs) could suggest, although not definitely state, that unobservable patient factors were also similar between groups. Second, a possible source of confounding is that high-risk, unscheduled or emergent cases may be more likely to involve overlap, since the surgeon may be required to operate immediately, even if he or she is performing another procedure. Subanalyses were therefore performed for cases that were likely to be elective, by excluding operations that were (1) designated as emergency by the anesthesiologist, (2) performed on the weekend, or (3) started between 4 PM and 7 AM. Third, a multiple imputation analysis was performed to assess the sensitivity of results to missing data.
In addition, the robustness of the main results to alternative definitions of overlap was examined. First, in the baseline model, the control group implicitly included cases with no overlap as well as cases with minimal overlap (less than 59 minutes for cases longer than 60 minutes); a separate analysis excluded cases with overlap of less than 59 minutes (for cases longer than 60 minutes) from the control group. Second, additional analyses were performed in which overlapping cases were defined as those having any overlap (eg, at least 1 minute) with other procedures performed by the same surgeon.
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Alternative outcome definitions were also considered. Specifically, in post hoc analysis, complications were divided into 2 groups: minor (urinary tract and surgical site infection) and major (thromboembolic event, pneumonia, sepsis, stroke, or myocardial infarction). Associations of overlapping surgery with all major complications, all minor complications, and each specific complication were analyzed. In addition, in the case of CABG surgery, a separate analysis was conducted that adjusted for higher-risk procedures (repeat procedure or CABG surgery plus a valve procedure).
Results
Patient Characteristics
From an initial sample of 87 560 cases, cases were excluded for the following reasons: missing data on discharge (n = 7023), mortality (n = 1070), surgery duration (n = 4728), or patient sex (n = 30); ASAPS score missing or equal to 6 (n = 1994); cases composed of more than 1 surgery type (n = 4167); and surgeonprocedure combinations with fewer than 20 observations (n = 2118). The final sample consisted of 66 430 procedures performed by 207 surgeons with 373 surgeon-procedure pairs. Cases excluded for missing data were qualitatively similar to the final sample in many dimensions (ie, patient age, patient sex, ASAPS score) (eTable 2 in the Supplement).
In the final sample of cases, 31 915 (48%) occurred in women and 8224 (12%) were overlapping. The mean patient age was 59 years (SD, 15 years). The sample included 15 832 craniotomies (24%), 15 905 lumbar spine procedures (24%), 9437 total hip arthroplasties (14%), 8567 cervical spine procedures (13%), 8282 total knee arthroplasties (12%), 6539 CABG procedures (10%), and 1868 thoracic spine procedures (3%).
The mean number of cases per surgeon was 320, with a median of 199 (interquartile range [IQR], . Of the 207 surgeons in the analytic sample, 151 (73%) performed overlapping procedures. Among surgeons who performed overlapping procedures, the mean percentage of a surgeon's cases that were overlapping was 12% (median, 6% [IQR, 2%-15%]). Overlapping scheduling was most common for craniotomy (17% performed with overlap at the median institution; ie, at half of institutions, ≤17% of craniotomies were overlapping [IQR, 11%-27%]) and least common for total knee arthroplasty (median, 2% [IQR, 1%-5%]) ( Figure) .
Unadjusted patient characteristics were generally similar between overlapping and nonoverlapping cases. Exceptions were age, emergent case status, obesity, hypothyroidism, rheumatoid arthritis, diabetes with complications, and iron-deficiency anemia, which were significantly lower among overlapping cases; and fluid and electrolyte disorders and alcohol abuse, which were significantly higher among overlapping cases (Table 1) . Differences in patient characteristics were smaller and not statistically significant when adjusted for surgeon-procedure fixed effects, an analysis conducted to complement the statistical design, which compared outcomes of overlapping vs nonoverlapping procedures of the same type performed by the same surgeon (Table 1 ; eTable 3 in the Supplement).
Main Analysis
The unadjusted mortality rate was 2.1% among overlapping procedures, compared with 1.6% for nonoverlapping (difference, 0.4% [95% CI, −0.1% to 9.9%]; P = .11) ( Table 2 ). The unadjusted complication rate was 14.0% for overlapping cases, compared with 11.7% for nonoverlapping cases (difference, 2.3% [95% CI, −0.5% to 5.0%]; P =.10)( Table 3) , while the unadjusted mean surgery length was 237 minutes for overlapping cases and 169 minutes for nonoverlapping cases (difference, 68 minutes [95% CI, 49 to 87 minutes]; P < .001) ( Table 4) . After adjusting for surgeon-procedure fixed effects and patient characteristics (see eTable 4 in the Supplement for full regression results), there was no significant difference between overlapping vs nonoverlapping surgery for in-hospital mortality (1.9% for overlapping vs 1.6% for nonoverlapping; difference, 0.3% [95% CI, −0.2% to 0.7%]; P = .21) ( Table 2) or postoperative complications (12.8% for overlapping vs 11.8% for nonoverlapping; difference, 0.9% [95% CI, −0.1% to 1.9%]; P = .08) ( Table 3) . Overlapping surgery was significantly associated with increased surgery length (204 vs 173 minutes; difference, 30 minutes [95% CI, 24 to 37 minutes]; P < .001) ( Table 4) .
Exploratory Subgroup Analyses
In prespecified, exploratory subgroup analyses, surgical overlap vs no surgical overlap during CABG surgery was associated with in-hospital mortality rates of 4.0% vs 2.2% (difference, 1.8% [95% CI, 0.5% to 3.2%]; P = .009) and complication rates of 34.5% vs 30.2% (difference, 4.3% [95% CI, 1.3% to 7.4%]; P = .007). However, a test of interactions showed no significant differences in the relationship between overlapping surgery and mortality (P =. 08forF test) or complications (P =.09forF test) across surgery types. Surgical overlap among high-risk patients was significantly associated with increased mortality (5.8% vs 4.7%; difference, 1.2% [95% CI, 0.1% to 2.2%]; P = .03; P = .04 for difference compared with lowrisk patients in a test of interactions) and complication rates .21
Exploratory Subgroup Analyses .15 5.8 (4.9 to 6.7)
4.7 (4.5 to 4.8)
.03
Abbreviation: CABG, coronary artery bypass graft.
a Adjusted refers to analyses that compare a given surgeon's overlapping vs nonoverlapping cases of the same procedure type and that also adjust for the patient characteristics shown in Table 1 .
b Confidence intervals were adjusted for clustering at the surgeon level.
The P values shown indicate whether the difference between the overlapping and nonoverlapping groups is significantly different from zero.
c High risk refers to 20 857 patients predicted to be at high risk for in-hospital mortality or postoperative complications on the basis of the characteristics shown in Table 1 and methods described in the text; low risk refers to patients not at high risk. A test of interactions showed no significant differences in the relationship between overlapping surgery and mortality (P = .08 for F test) across surgery types. A test of interactions showed that surgical overlap was significantly associated with increased mortality between high-risk vs low-risk patients (P = .04 for test of interactions). P = .03; P = .04 for difference compared with low-risk patients in a test of interactions). Overlapping surgery was significantly associated with increased surgery length for all subgroups examined (Table 4) .
Post Hoc Sensitivity Analyses
In further analyses to estimate the potential for confounding, overlapping and nonoverlapping cases were similar with respect to patient age, patient sex, and most patient comorbidities, after using regression analyses to adjust for surgeonprocedure pair, date of surgery, and time of surgery (Table 1 ; eTable 3 in the Supplement). Analyses confined to operations that were highly likely to be scheduled as elective cases produced results similar to the main findings (eTable 5 in the Supplement), as did analyses that directly compared cases meeting the definition of overlap (≥60 minutes for cases longer than 60 minutes, or the entirety of the case for shorter cases) against cases with absolutely no overlap (eTable 5 in the Supplement). Using a broader definition of overlap-having at least 1 minute of overlap with other procedures performed by the same surgeon-produced qualitatively similar results, although the estimated differences were smaller in magnitude (eTable 5 in the Supplement).
In analyses that separately considered each complication, overlapping surgery was significantly associated with an increased risk of major complications (10.7% vs 9.5%; difference, 1.2% [95% CI, 0.2% to 2.1%]; P = .02) (eTable 6 in the Supplement). Analyses that separately adjusted for high-risk CABG procedures produced similar results (eTable 7 in the Supplement). An analysis using multiple imputation to adjust for missing data produced results similar to the main findings (eTable 8 in the Supplement).
Discussion
In this retrospective analysis of 66 430 adults aged 18 to 90 years undergoing a diverse set of common surgical procedures at 8 high-volume medical centers, overlapping surgery was not associated with increased in-hospital mortality or overall complication rates but was significantly associated with an increased risk of complications and mortality for some patient subgroups and for surgery duration. A unique aspect of the study was that the data included all of a surgeon's cases during the study period, allowing for an analytic design that helped to minimize confounding by comparing a given surgeon's overlapping and nonoverlapping cases of the same type. .03
c High risk refers to 20 857 patients predicted to be at high risk for in-hospital mortality or postoperative complications on the basis of the characteristics shown in Table 1 and methods described in the text; low risk refers to patients not at high risk. A test of interactions showed no significant differences in the relationship between overlapping surgery and complications (P = .09 for F test) across surgery types. A test of interactions showed that surgical overlap was significantly associated with increased complications between high-risk vs low-risk patients (P = .04 for test of interactions).
Results were robust to a variety of alternative specifications that incorporated alternative outcomes, alternative definitions of overlap, and alternative methods of adjustment for potential confounders. Prior studies have generally found no association between overlapping surgery and adverse outcomes, 6-15 with 1 exception. 14 However, these studies had several limitations, the most important being that studies were limited to a single center or type of operation, with some exceptions.
11,12
Because mortality and postoperative complications are fairly rare, such studies may not have been large enough to detect statistically significant differences in their rates. Moreover, the findings of these prior studies may also reflect factors distinctive to the studied hospital. In addition, previous studies have typically compared overlapping operations with nonoverlapping operations for groups including many surgeons. The database in this study included all surgical cases at each institution, allowing an analysis directly comparing overlapping and nonoverlapping operations of the same type performed by the same surgeon at the same institution. Further, this study used a stringent definition of overlap (at least 1 hour of overlap or the entirety of the case if surgical length was less than 60 minutes), ensuring a substantial degree of overlap for cases defined as "overlapping." Some other studies have used less restrictive definitions of overlap 13 (eg, any overlap regardless of duration), which may bias analyses toward finding no relationship between overlapping surgery and patient outcomes. Indeed, a sensitivity analysis in this study found that using a less restrictive definition of overlap resulted in associations between overlap and the outcomes that were smaller in magnitude than associations from the baseline analysis. This study strengthens the evidence that overlapping surgery is a reasonable practice for many cases. However, prespecified, exploratory subgroup analyses did find a significant association between overlapping surgery and increased complication and mortality risk for high-risk patients, defined as patients in the upper quartile for predicted mortality or complication risk. In addition, post hoc sensitivity analyses found that overlapping surgery was associated with a significantly increased risk of major postoperative complications. These findings are potentially concerning because any risks associated with overlapping surgery may be expected to occur in precisely this set of outcomes and patient populations. However, these subgroup analyses were exploratory, and the estimated increases in risk were generally small. Overall, the study findings suggest that overlapping surgery is likely to be a safe practice for most patients, but the exploratory analyses do suggest potential areas for concern and further investigation. In addition, the study found that overlapping surgery was associated with significantly longer surgical times. While some of this association may be attributable to confounding (ie, longer cases may be selected for overlapping scheduling), it may also be inherent to some elements of overlapping scheduling. For example, portions of the operation may be performed by junior team members, and there may be delays associated with waiting for the surgeon to complete the critical portions of other cases. Increases in surgery length have policy implications, since the operating room is one of the most expensive parts of any hospital. For example, anesthesiologists typically bill for their services by time (around $60 per 15 minutes from private insurers), 32 and the cost of an operating room has been estimated to range from $30 to $60 per minute.
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Limitations
This study had several limitations. First, it focused on a specific set of operations performed on adults in high-volume medical centers; results may not generalize to pediatric patients or other institutional settings. In particular, the analysis excluded combination operations (ie, combined lumbar/ thoracic spine surgery), for which overlapping surgery may be associated with higher risk. Second, surgical complications may occur after discharge, and the data sources used for this analysis did not report postdischarge complications or mortality.
Third, there are some concerns that International Statistical Classification of Diseases and Related Health Problems, Tenth Revision codes on discharge abstracts are unreliable indicators of postoperative complications. 35 Fourth, as in all observational studies, selection bias may be present in the data. Surgeons may choose to perform overlapping surgery on relatively low-risk patients, which would bias this study's results toward finding no association. Alternatively, overlapping surgery may be disproportionately performed on higher-risk or higher-complexity patients for whom a delay in receiving surgery is perceived to be riskier than overlapping scheduling. Surgeons may also select longer, more complex cases for overlapping scheduling. However, sensitivity analyses found few differences in observable characteristics between patients who did and did not have overlapping scheduling, although this does not exclude the possibility of differences in unobservable characteristics (eg, unobserved differences in surgical complexity). Fifth, the data sources used for this analysis did not specify which personnel had performed the procedures, so the analysis could not adjust for the level of experience (eg, senior vs junior resident) of the surgeon present while the attending surgeon was in another case. Thus, the degree to which any risks from overlapping surgery result from the participation of other team members, and the extent to which surgeons may mitigate these risks by assigning more senior team members to overlapping cases, could not be ascertained. Sixth, the data did not include information on whether operations were concurrent (had overlap in the critical portions of the case)-a situation in which overlapping surgery may be particularly risky. Seventh, not all postoperative complications that may result from overlapping surgery (eg, paralysis or chronic pain in spinal procedures or intraoperative hemorrhage in CABG surgery) could be analyzed because of insufficient detail in the data available for analysis and the inability to identify whether certain conditions like chronic pain were present before surgery.
Conclusions
Among adults undergoing common operations, overlapping surgery was not significantly associated with differences in in-hospital mortality or postoperative complication rates but was significantly associated with increased surgery length. Further research is needed to understand the association of overlapping surgery with these outcomes among specific patient subgroups. By the time surgeons complete residency or fellowship training, they must be able to independently perform surgery. This can only occur if surgeons have graded responsibility, meaning that surgical residents must be able to do various parts of an operation on their own until they have mastered the skills necessary to function completely independently. One way this is done is by allowing overlapping surgery-operations in which someone other than the attending surgeon performs part of the operation. In this issue of JAMA, Sun and colleagues report outcomes for overlapping surgery to show that this mechanism, which is essential for training surgical residents, is generally safe.
1 Mortality and complications were approximately the same for operations that had substantial overlap (more than 1 hour of the procedure from the time of incision) as compared with no overlap. However, there was a signal that outcomes (mortality and complications) might be worse for high-risk patients, a scenario that makes intuitive sense.
This work appealed to me because it answered an important, unresolved question: Is surgery safe as practiced in academic environments that balance the needs of safe patient care with those required to train the next generation of surgeons?
The answer appears to be yes. This study does not address risks associated with concurrent surgery in which the attending surgeon is not present during a part of the operation considered critical. 2 Major complications attributable to concurrent surgery have been highlighted by the news media, 3 yet whether this practice is safe or acceptable remains unresolved and is not addressed in the current study. How that should be addressed was outlined in JAMA previously 2, 3 and requires a precise definition of the critical part of the operation that requires the presence of the attending surgeon. That definition should be determined by an independent body of clinicians familiar with the operating room environment and monitoring to ensure that the attending surgeon is in the operating room during that time. Most institutions in the Multicenter Perioperative Outcomes Group do not report surgical and/or anesthesia procedure codes (e.g., Current Procedural Terminology codes) that would readily identify the surgical procedure a patient received. However, for every case, the institutions do report a text descriptor (e.g., "L Total Knee Arthroplasty", "L TKA"). Therefore, we parsed these text descriptors to identify our procedures of interest.
Surgical procedures were categorized using a combination of case-insensitive regular expression pattern matching applied to the raw text description of the surgical procedures. Regular expressions allow for the identification of many variants of keywords to include surgical procedures of interest and exclude procedures that contain disqualifying modifier text.
1 For example, a total knee arthroplasty may be described in many ways (e.g. "tka", "total knee", "arthroplasty, knee, total", "knee replacement", etc.). Additionally, procedures may contain additional text which indicates a variant of the procedure that should be excluded from the analysis. Some of these exclusion keywords are specific to the procedure category (e.g., for total knee replacements, "unicompartment", "unicompartmental", "arthroscopy", etc.), while others are globally exclusive (e.g., "removal", "I&D", "cancelled"). Some procedures also contained conditional modifiers (e.g., "possible", "with or without", "w/wo"), in which case we required that relevant inclusion keywords occurred before the conditional text in the string in order to be included.
The specific combination of regular expressions for each procedure was chosen based upon manual examination of the data. Keywords were initially chosen to be very broad based upon knowledge of common descriptors, and were narrowed as appropriate to improve the sensitivity and specificity of the criteria. The data were also sorted by frequency of the surgical procedure and manually examined for the 1000 most common surgical procedure descriptions to ensure that no additional major variants were missed. Because the inclusion and exclusion criteria for each procedure type were a combination of many regular expression evaluations which would be difficult to interpret as written text, the complete MATLAB analysis code has been included as a separate file in the online content.
eAppendix 2. Identifying the Subgroup of High-Risk Patients
In one of our subgroup analyses, we restricted our analysis to patients at high risk for mortality or complications, hypothesizing that overlapping scheduling may have a larger effect on outcomes for this subset. To identify patients at high risk for these complications, we used two logistic regressions in which the outcomes were (1) in-hospital mortality and (2) in-hospital complication, and the independent variables were age, sex, comorbidities, and American Society of Anesthesiologist's Physical Status Score. We used the results from each regression to obtain each patient's predicted probability of in-hospital death and complications. We then defined high-risk patients as those in the top quartile of predicted probability for either outcome. Our primary statistical approach addressed confounding by adjusting for observable factors (e.g., patient comorbidities) that could affect outcomes and by comparing outcomes for a given surgeon's overlapping and non-overlapping cases of the same type, as opposed to comparing outcomes across surgeons and hospitals. However, this approach could be confounded by unobservable differences between overlapping and non-overlapping cases performed by a given surgeon, e.g., if the surgeon preferentially chooses to perform low-risk cases with overlapping scheduling. As one way of addressing this issue, we examined whether there were differences in observable patient characteristics between overlapping and nonoverlapping cases performed by a given surgeon, after adjusting for procedure. Similarity in observable patient factors between overlapping and non-overlapping cases (within surgeonprocedure pairs) might suggest that unobservable patient factors may also be balanced between overlapping and non-overlapping cases.
For patient age, sex, and each comorbidity included in the main models, we estimated a linear probability model in which the dependent variable was the patient characteristic itself and the independent variable of interest was case overlap. The model included fixed effects for each surgeon-procedure combination. Thus, this model tested for the significance of any differences in mean age, sex, and comorbidity incidence between overlapping and nonoverlapping cases, within each given surgeon-procedure pair. The results of our analysis are presented in Table S3 below. I8010, I80209, I80219, I803,  I809, I82409, I82419, I82429,  I82439, I82499, I824Y9,  I824Z9, I8291  Pulmonary Embolism  4151*  I2690, I2692, I2699,  T800XXA, T81718A,  T8172XA, T82817A,  T82818A  Venous Thromboembolism  4151*, 4511*, 4512, 45181,  4534*, 4538, 4539   I2690, I2692, I2699, I8010,  I80209, I80219, I803, I82409,  I82419, I82429, I82439,  I82449, I82499, I824Y9,  I824Z9, I8291, T800XXA,  T8178A, T8172XA, Our final sample consisted of 66,430 observations and excluded 11,879 observations with missing data (missing diagnosis codes, missing surgery times, or missing mortality). Of these 11,879 observations, 11,556 (97%) had complete data on age, sex, and American Society of Anesthesiologist Physical Status Score. This table provides compares summary statistics for this set of patients and the patients in our final sample. The American Society of Anesthesiologists Physical Status Score consists of a numerical score and an indicator "E" for emergency surgery. The numerical score ranges from 1 to 6, with 1 signifying a healthy patient, 3 signifying a patient with severe systemic disease, 5 signifying a moribund patient who is not expected to survive without the operation, and 6 an organ harvest patient. 95% confidence intervals are adjusted for clustering at the surgeon level For mortality and complications, the coefficient shown is the percentage point change associated with the given variable. For surgery length, the coefficient shown is the associated change in surgery length (in minutes). Standard errors shown in parentheses were clustered at the surgeon level. Not shown are the fixed effects for each surgeon-procedure pair. *p<0.1, **p<0.05, ***p<0.01.
